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INTRODUCTION 
The Rare Isotope Accelerator (RIA) driver linac specifications include acceleration of 
uranium ions up to 400 MeV/u and lighter ions to similar or higher energies with a total 
beam power of up to 400 kW. It is desirable to reach energies close to 1 GeV for protons. 
The baseline design of the high-energy section (β>0.4, E/A>85 MeV/u) of the driver 
linac uses 805 MHz elliptical cavities that were developed for the Spallation Neutron 
Source (SNS) [1,2].  Recently, Shepard et al [3,4] proposed an alternative design based 
on 345 MHz triple-spoke cavities claiming a number of advantages that support replacing 
the elliptical cavities with triple-spoke cavities in the RIA driver linac. 
 
This paper provides an in-depth analysis of the accelerator design for the high-energy 
section of the RIA driver linac and uses this analysis to review the claims of Shepard et al 
[4].  The detailed analysis finds that the promised advantages of the triple-spoke are 
based on questionable assumptions and that several disadvantages were neglected.  Also, 
a comparison of the status of cavity and cryomodule developments shows a significant 
difference in demonstrated performance.  Finally it is shown that overall, the triple-spoke 
does not offer any credible advantage compared to elliptical cavities for RIA. 
 
CAVITY DESIGN 
The elliptical and triple-spoke cavity design parameters are given in Table 1 and 
drawings to the same scale are shown in Figure 1.  Since no triple-spoke exists and the 
performance of triple-spokes can only be extrapolated from the double-spoke 
performance, the double-spoke parameters are also given Table 1.  The design peak 
electric field, Ep, is 32.5 MV/m for the elliptical cavities and 27.5 MV/m for the triple-
spoke cavities.  The elliptical cavities can operate at a higher Ep because they were 
optimized for lower peak magnetic fields, Bp, of 70 mT or less, while the triple-spokes 
have a Bp of 83 mT or less.  Design peak magnetic fields greater than 70 mT may be 
problematic for cw operation of the large triple-spoke cavities above 4 K. As an example 
the double-spoke cavity developed at Argonne National Laboratory (ANL) showed 
significant Q degradation when reaching levels of Bp close to 80 mT.  Therefore 
thorough experimental verification is needed.  
 

Type Six-cell elliptical Triple-spoke Double-spoke 
βopt 0.49 0.63 0.83 0.50 0.62 0.393 

f (MHz) 805 345 345 
Ep(MV/m) 32.5 27.5 27.5 

Va(MV) 5.12 8.17 13.46 6.22 7.49 3.02 
Bp(mT) 64.2 68.6 70.2 82.6 82.0 54.7 

Length (m) 0.527 0.682 0.906 0.652 0.809 0.381 
Aperture(m) 0.077 0.040 0.030 
Diameter (m) 0.33 0.45 0.45 

Mass (kg) <105 <240  
Temperature (K) 2 4.5 4.2 

Table 1.  General cavity parameters (data for triple-spoke from  [4]). 
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The cavities were designed to generate a maximum accelerating voltage, Va, at an 
optimum velocity, cβopt.  Because the structures are multi-gap, the voltage gain is 
effective over a limited range of velocities.  Figure 2 shows the accelerating voltage 
versus β=v/c for the elliptical and triple-spoke cavities.  The spoke cavities generate a 
larger voltage for β<0.59, while the elliptical cavities are more effective above this 
velocity.  For acceleration of uranium to 400 MeV/u (corresponding to β=0.72), there is 
no advantage in adding the last elliptical cavity type (βopt = 0.83), but it provides 
significantly higher energy protons due to its effectiveness at higher velocity.  Since the 
βopt = 0.83 elliptical cavity has already been developed, there is no technical risk and a 
minimal cost increase for a significantly higher proton energy.  When comparing our 
Figure 2 with Figure 2 from reference [4], it should be noted that the Ep for the elliptical 
cavities assumed in that paper is 27.5 MV/m and not the 32.5 MV/m assumed in this 
paper, and the elliptical cavity βopt values are not those used here. 
 

Based on the design gradients and a synchronous phase of –30° for the elliptical and –25° 
for the triple-spoke, the number of cavities can be determined.  The elliptical cavities are 
used after the second stripper accelerating U+87 to U+89 from 85 to 400 MeV/u.  Though 
the triple-spokes are also proposed prior to the last stripper, the following discussion is 
focused on the region where the elliptical cavities are utilized.  The number of cavities 
and cryomodules in the high-energy linac are given in Table 2. There are an additional 27 
β=0.50 triple-spoke cavities (9 cryomodules) proposed at lower energies. 

 
Figure 1. Baseline elliptical cavities (left) and proposed triple-spoke alternative [5] 
(right) with cavity βopt values. 
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Given the design gradients of Table 1, there are 164 elliptical cavities in 41 cryomodules 
versus 138 triple-spoke cavities in 38 cryomodules.  The elliptical cavities generate a 
higher energy proton beam of 1028 MeV compared to 956 MeV for the triple-spoke 
cavities.  
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Figure 2. On axis accelerating voltage versus velocity for elliptical (solid lines) and 
triple-spoke (dashed lines) cavities with 32.5 and 27.5 MV/m peak electric field 
respectively. 
 

Type Six-cell elliptical Triple-spoke 
βopt 0.49 0.63 0.83 0.50 0.62 

# cavities 68 64 32 42 96 
Total # cavities 164 138 
# cryomodules 17 16 8 14 24 

Total # cryomodules 41 38 
Maximum proton 

energy (MeV) 1028 956 

Table 2. Cavity and cryomodule count for acceleration of uranium from 85 to 400 
MeV/u and maximum proton energy for the design gradients of Table 1. 
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EXPERIMENTAL VERIFICATION 
 
The design values for Ep and Bp must be based on a thorough set of experimental data 
and should have reasonable safety factors to confidently assure linac performance.  The 
simple shape of the elliptical cavities allows effective utilization of chemical processing 
and high pressure rinsing in a cleanroom environment. As a consequence elliptical 
cavities have reliably demonstrated maximum peak fields above 50 MV/m and 100 mT.  
On the other hand, the triple-spoke cavity has a small 4 cm aperture with a three-
dimensional geometry that complicates chemical processing and high pressure rinsing.  In 
addition, the triple-spoke has a larger 0.45 m diameter and a weight of about 240 kg 
making cavity handling more difficult. 
 
It is essential that design values be based on prototyping and experimental data.  Several 
copies of each elliptical cavity have been built and tested [6,7], but no triple-spokes have 
been built to date.  Therefore, it is only possible to use data from the one double-spoke 
that has been built to extrapolate the triple-spoke performance [8]. 
 
The operating point Ep and Bp values for the elliptical cavities are based on the following 
considerations: 

• The vertical tests of the βopt=0.49, 0.63 and 0.83 cavities presented in Figure 3 
show that Qo is approximately constant for Ep < 30 MV/m, with a maximum Ep 
of 41 to 56 MV/m and a maximum Bp of 87 to 110 mT. 

• The design values for the SNS project are Ep = 35 MV/m and Bp = 75.6 mT at a 
Q of 5 x 109 for the βopt=0.83 cavity.  

• Design fields (Ep and Bp) for the CEBAF upgrade and TESLA cavities are 
significantly greater (42 MV/m and 72 mT for CEBAF and 47 MV/m and 102 mT 
for TESLA500). 

  
Based on these considerations, Ep = 32.5 MV/m and Bp = 64-70 mT are judged to be 
appropriate design goals achievable with reasonable production protocols. These design 
values are shown in Figure 3 together with the results for the first multi-cell prototype of 
each elliptical cavity type to be used for RIA.  Additional multi-cell cavities have been 
fabricated also.  Two more 6-cell cavities for βopt = 0.49 have been tested.  Three more 
βopt = 0.63 cavities have been tested after assembly into a prototype cryomodule for SNS 
[34].  All of these cavities have satisfied the design goals indicated in Figure 3.   
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Figure 3. Experimental test results of the elliptical six-cell cavities for SNS [6] and RIA 
showing Q vs. Ep (left) and Q vs. Bp (right) at 2 K. The stars indicate the design values 
for RIA. 

 
Shown in Figure 4 are the experimental results of the ANL double-spoke that will be 
used as guidance for the choice of operating point for the proposed triple-spoke. 
Although the design value for Ep (27.5 MV/m) is consistent with the experimental results 
for the double-spoke, the corresponding values for Bp (82 and 82.6 mT) are higher than 
the Bp obtained at 4.2 K.  Based on past experience and the need for a safety factor, an 
appropriate design value for the triple-spoke would be Bp< 70 mT, a value that is 
consistent for comparison purposes with the methodology used to determine the 
operating parameters for elliptical cavities. Scaling the proposed design point to obtain 
Bp=70 mT results in Ep values of 23.3 and 23.5 MV/m for the triple-spokes of βopt= 0.5 
and 0.62, respectively. The corrected parameters for the triple-spoke are compared with 
the corresponding elliptical cavity parameters in Table 3. The lower values for the triple-
spoke Ep and Bp results in basically the same number of cavities, but a larger number of 
triple-spoke cryomodules than for the elliptical units. 
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Figure 4. Double-spoke Q vs. peak electric (Ep) and peak magnetic (Bp) fields. Also 
shown are the proposed design values for the double and triple-spoke structures [5,8]. 
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Beyond the one double-spoke cavity that has been fabricated so far, one can look to 
single-spoke cavity results for further guidance.  A total of 5 single-spoke cavities have 
been fabricated and tested at Argonne [9], Los Alamos [10,11], and Orsay [12].  Good 
results have been obtained with these cavities, but none of them have reached the 
equivalent of the triple-spoke design goal (taking into account differing temperatures, 
geometry factors, and field ratios) indicated in Figure 4.  This reinforces the concern that 
the proposed design values for the triple-spoke would be very difficult to achieve.  All of 
the experimental results at T > 4 K indicate that the Q decreases as the field increases ("Q 
slope"), so that very low losses at high field are not realistic. Field emission is also seen 
in some of the measurements, which of course exacerbates the problem. 
 
 
 

Type Six-cell elliptical Triple-spoke 
βopt 0.49 0.63 0.83 0.50 0.62 

Bp (mT) 64.2 68.6 70.2 70 70 
Ep (MV/m) 32.5 23.3 23.5 

Va(MV) 5.12 8.17 13.46 5.27 6.39 
# cavities 68 64 32 51 112 

Total # cavities 164 163 
# cryomodules 17 16 8 17 28 

Total # cryomodules 41 45 

Table 3. General cavity parameters using experimentally verified peak fields and a safety 
margin. 

 
BEAM DYNAMICS 
 
To allow hands-on maintenance, the uncontrolled beam loss must be kept below 4 W/m 
along the linac [13].  This limits the fractional losses to 4x10−5/m at the entrance and 
1x10−5/m at the exit of the high-energy linac.  Uncontrolled losses can occur when either 
the transverse or longitudinal acceptance is exceeded, in which case it will appear as 
transverse loss. Controlled losses can be accommodated after the strippers using heavily 
shielded collimators that will already exist for removal of unwanted charge states. 
 
Design values for misalignment, rf jitter and stripper foil thickness variation are 
accounted for in the simulations as listed in Table 4.  The misalignments assume a 
Gaussian distribution with a cut-off at 2σ, while the rf jitter and stripper foil variations 
are a uniform distribution.  Misalignments are corrected using beam position monitors, 
and steering magnets at the superconducting solenoids and room temperature 
quadrupoles. 
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 Section 1 
0.3-13 MeV/u 

Section 2 
13-90 MeV/u 

Section 3 
85-400 MeV/u 

σ for transverse misalignment  of 
focusing elements ±0.25 mm ±0.5 mm ±1.0 mm 

σ for transverse misalignment  of 
cavities  ±1.0 mm ±1.0 mm ±1.0 mm 

Quadrupole skew NA NA ±2 mrad 
RF jitter, maximum amplitude ±0.25 % ±0.5 % ±0.5 % 
RF jitter, maximum phase ±0.25° ±0.5° ±0.5° 
Stripper foil maximum thickness 
variation ±5 % 

Table 4. Design values for misalignment, rf jitter and stripper foil thickness variation. 
The strippers are located at the beginning of sections 2 and 3. The uranium energy loss at 
the second stripper will be from 3 to 5 MeV/u depending on the stripper thickness. 

  
Transverse acceptance 
 
Using both analytical and numerical methods, there have been extensive beam dynamics 
studies for both elliptical and triple-spoke cavity systems for the RIA driver linac 
[4,14,15,16,17]. The triple spoke lattice proposed in [4] uses solenoids as focusing 
elements with their 40 mm aperture cavities. A focusing lattice of either room 
temperature quadrupole doublets or superconducting solenoids would provide adequate 
focusing for the larger 77 mm aperture of the elliptical structures.  

 
In the perfect accelerator, without misalignments, the acceptance of the triple-spoke 
lattice with superconducting solenoids is 35 π mm-mrad and the elliptical lattice 
acceptance is 130 π mm-mrad due to the different apertures.  With room temperature 
quadrupole doublets, the elliptical lattice acceptance is 50 π mm-mrad. 
 
The nominal transverse beam emittance at the entrance of the superconducting linac was 
0.6 π mm-mrad (normalized, 99.5 %). Particle tracking using 100 random seeds was done 
with and without errors using DIMAD [18] (only transverse) and LANA [19] (transverse 
and longitudinal combined).  The results from both codes agree very well. Consequently, 
the determination of the correction scheme was performed with DIMAD because of its 
higher speed, and the results were verified with LANA.   
 
Without alignment and rf errors, but including stripper foil straggling and thickness 
variation, the beam emittance increased to 1.3 π mm-mrad at the entrance to section 3, 
and 1.6 π mm-mrad at the exit.  Due to alignment and rf  errors, the emittance of the 
beam grows. The maximum values calculated for 100 seeds were 3.2 π mm-mrad at the 
entrance to section 3, and 5.2 π mm-mrad at the exit.  
 
In addition to the emittance growth, the misalignments cause the beam to move off-axis. 
The physical limitations are not the focusing elements but the cavity apertures, because 
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the focusing elements have larger apertures. The comparison of beam size to cavity 
apertures is given in Table 5. 
 
Figure 5 shows the transverse beam envelope for the triple-spoke lattice with solenoidal 
focusing, and Figure 6 shows the envelope for the elliptical cavity lattice with quadrupole 
focusing. The envelopes have been determined by choosing the maximum beam size at 
each position along the linac for all 100 seed simulations. These envelope calculations 
were used to determine the aperture to beam size ratio with errors in Table 5. 
 
The elliptical structures with solenoidal focusing have the largest safety factor, but the 
quadrupole solution is also acceptable. As the quadrupole lattice uses room temperature 
magnets, it provides a reduced cost solution, easier alignment, higher reliability, easier 
maintenance, and less stringent stray magnetic field requirements. Due to these 
advantages we have chosen the quadrupole focusing option for the elliptical cavity 
lattice. Its reduced acceptance still exceeds that of the triple-spoke solution. 

  Lattice of Segment III of RIA Driver 
linac 

Cavity 
aperture 

(mm) 

Aperture to 
Beam Size 
Ratio with 

Errors 
Elliptical Structures and Solenoidal 

Focusing 77 3.6 

Elliptical Structures and Quadrupole 
Focusing 77 2.8 

Triple-Spoke Structures and Solenoidal 
Focusing 40 1.9 

Table 5. Cavity aperture and ratio of aperture to beam size with errors. 

 
 
 

 

 

 

 

 

 

 

 

 

 

Figure 5. Transverse beam envelopes with and without errors for triple-spoke lattice with 
solenoidal focusing. 
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Figure 6. Transverse beam envelopes with and without errors for elliptical lattice with 
quadrupole focusing. 

 
Longitudinal acceptance 
 
Previous longitudinal and transverse beam dynamics studies at ANL and Michigan State 
University (MSU) showed adequate acceptance in the elliptical cavity linac with no 
inherent problems [17,20]. More recently ANL indicated that an elliptical cavity linac has 
serious flaws: 

1. Parametric resonance will blow up the beam and cause unacceptable beam loss in 
the βopt=0.49 section of the high-energy linac [21].   

2. The longitudinal acceptance is too small compared to the large beam emittance 
produced by  multi-charge acceleration and stripper foil thickness variation [3,4].  

 
With respect to the first claim, the coupling between the longitudinal and transverse 
motion in the presence of resonant conditions can lead to the parametric resonance and 
energy exchange resulting in the decrease or increase of the emittance in the different 
planes if the emittances were not equipartitioned initially. Extensive studies were 
conducted to investigate this issue [22]. The major focus for these studies was the 
beginning of the third section of the RIA driver linac consisting of the elliptical cavities 
with βopt=0.49. They showed that the results of the simulation in [21] contradict the 
prediction of the theory based on the smooth approximation as well as  the simulations in 
[22] that show no beam blow up. The discrepancy appears to be a misinterpretation in 
[21] of the longitudinal phase advance used. Therefore the recommendation by ANL to 
limit the number of cavities per cryostat in the beginning of section three of the RIA 
driver linac to 3, leading to an increase of the number of cryostats required, is 
unnecessary. The present design uses the same number of cavities per cryostat (4) in all 
of the third section.  
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In the second claim, the longitudinal emittance in ANL’s simulation grows from ~2 π 
keV/u-ns at the exit of the RFQ to ~50 π keV/u-ns at the entrance to the elliptical cavity 
linac.  Their calculated acceptance for the elliptical cavity linac is ~60 π keV/u-ns, which 
would be too close to the emittance for low loss operation, and thus not useable for RIA. 
 
We explored the longitudinal phase space for the elliptical lattice by particle tracking 
with the computer code LANA [19].  Beginning with an initial emittance of 1.2 π keV/u-
ns at the entrance of the superconducting linac (which is equivalent to 2 π keV/u-ns at the 
lower frequency of the ANL design), a longitudinal emittance at the entrance of the third 
and final linac segment of 16 π keV/u-ns was obtained using all 100 seeds.  The effects of 
misalignments, rf phase and amplitude jitter, and stripper foil thickness variation as given 
in Table 4 were included.  The longitudinal acceptance of the final segment using 
elliptical structures is 92.6 π keV/u-ns, giving an adequate ratio of acceptance to beam 
emittance of 5.8.  The final emittance at the end of section 3 is 23  π keV/u-ns. 
 
Confirming the adequacy of this ratio, no particle losses were found when tracking a 
larger longitudinal emittance of 35 π keV/u-ns using ten realizations (random seeds) of 
the linac, tracking 106 particles for each case.  For a 40 π keV/u-ns emittance, 20-30 
particles were lost for similar simulations, still within the beam loss criteria. 
 
For the triple-spoke lattice the longitudinal acceptance of the final segment is about 280 π 
keV/u-ns, which is much larger than the input emittance of 16 π keV/u-ns calculated in 
our lattice for the first two sections, and also the 50 π keV/u-ns calculated in ANL’s 
lattice [4].  Our simulations indicate that both options give adequate acceptance to beam 
emittance ratios and are summarized in Table 6 and Figure 7. 
 

 

 
Figure 7. (Left) The elliptical lattice longitudinal acceptance and input beam emittance 
with an acceptance-to-emittance ratio of 5.8.  (Right) The triple-spoke lattice longitudinal 
acceptance and input beam emittance with an acceptance-to- emittance ratio of 5.6 [4]. 

Our results predict a larger elliptical linac acceptance of 92.6 π keV/u-ns versus 60 π 
keV/u-ns as shown in [4].  This discrepancy is most likely due to the higher accelerating 
gradient (Ep=32.5 MV/m) and the closer spacing of the cavities and cryomodules as 
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shown in Figure 10.  Also, our simulations predict a smaller emittance of 16 π keV/u-ns 
compared with 50 π keV/u-ns from the ANL simulation.  This difference comes primarily 
from ANL’s larger rf jitter of ±1° and ±1 % in the lowest frequency cavities (58 MHz).  
The smaller values used in this paper are very reasonable for cavities (>80 MHz) whose 
microphonics are controlled by passive dampers and overcoupling [23].  This analysis 
shows that both elliptical and triple spoke linacs have adequate longitudinal acceptance, 
and a larger margin of safety is possible by decreasing the rf jitter. 
 

Lattice of Section 3 of RIA Driver 
linac 

Input 
Longitudinal 

Emittance 
(99.5%) 

π keV/u ns 

Longitudinal 
Acceptance 
π keV/u ns 

Ratio of 
longitudinal 

acceptance to 
emittance 

Elliptical Cavities and Quadrupole 
Focusing 16 92.6 5.8 

Triple-Spoke Cavities and Solenoidal 
Focusing 16/50 280 17.5/5.6 

Table 6. Longitudinal emittance (with errors), acceptance and the ratio for the elliptical 
and triple-spoke lattices. The first value for the emittance of the triple spoke was 
calculated using our low and medium energy lattice. The second value corresponds to the 
ANL simulations [4]. 

 
CRYOGENIC REQUIREMENTS 
The operating temperature of the triple-spoke cavities is to be 4.5 K according to one 
publication [3] and is 4.2 K in another publication [4].  Though the rf losses are obviously 
lower at 4.2 K, large-scale cryo-plants generally operate at a temperature higher than 4.2 
K [24].  The operating temperature of choice for most low-frequency SRF accelerators is 
4.5 K; this includes ALPI [25], CESR-III [26], JAERI Tandem Booster [27], KEK-B 
[28],  LEP [29], and  ATLAS [30].  Thus 4.5 K seems to be a more reasonable choice, 
and this is the operating temperature assumed in the following discussion for triple-spoke 
cavities. 
 
The operating temperature and cryogenic load of the superconducting cavities were 
calculated to determine the required cryoplant capacity and cost.  The dynamic heat load 
calculation used the following equations describing the power dissipated in a cavity, Po, 
in terms of the fundamental cavity parameters.  
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where R is the linac definition of the shunt impedance, Q is the cavity quality factor, Va  
is the accelerating voltage, G is the geometry factor, Rs is the total rf surface resistance, 
RBCS is the BCS surface resistance, and Rres is the residual surface resistance.  The BCS 
surface resistance is given in nΩ where fGHz is the cavity frequency in GHz and TK is the 
cavity temperature in K.  The above equation describing RBCS is obtained from [31].  The 
correction factor, CRRR, ranges from 1 for reactor grade (RRR~25) niobium to 1.5 for 
high purity (RRR~250) niobium. 
 
The power dissipation is inversely proportional to (R/Q)G, whose values are given in 
Table 7.  The βopt=0.63 and 0.83 elliptical cavities have a larger product than the triple-
spokes, and thus are more efficient.  The  βopt=0.49 elliptical cavity has a smaller product 
than the triple-spokes, but this is offset by operating at 2 K and because there are more 
high-β elliptical cavities in the linac. 
 
 
 
 

Type Six-cell elliptical Triple-spoke Double-
spoke 

βopt 0.49 0.63 0.83 0.50 0.62 0.393 
f (MHz) 805 345 345 

T(K) 2 4.5 4.2 
R/Q(Ω) 173 279 483 494 520 474 
G(Ω) 136 179 260 85.7 93.0 71 

G·R/Q (kΩ2) 23.5 49.9 126.0 42.3 48.4 33.7 
Epeak(MV/m) 32.5 27.5 27.5 

Va(MV) 5.12 8.17 13.46 6.22 7.49 3.02 
U (J) 29.9 47.2 74.2 36.1 49.8 8.9 

RBCS,min(nΩ) 4.2 4.2 4.2 46.3 46.3 37.5 
Rres,min(nΩ) 5 5 5 5 5 5 

Qmax 1.5x1010 2.0x1010 2.8x1010 1.7x109 1.8x109 1.7x109 

Qdesign~1/2Qmax 7x109 1.0x1010 1.4x1010 8x108 9x108 8x108 

Pdesign(W/cavity) 21.6 23.9 26.8 97.9 119.9 24.1 

Table 7. Electromagnetic and cryogenic parameters (spoke data from [4, 8]). 
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Figure 8. Range of RBCS values resulting from varying RRR Nb values as a function of 
temperature (T) in K. The operating temperatures of the elliptical and triple-spoke 
cavities are 2 K and 4.5 K, respectively. 

 
Since the accelerating voltage has already been determined, the only parameter left to 
quantify is the surface resistance, which can be broken down into a BCS and a residual 
component.  The BCS component versus temperature is shown in Figure 8 for reactor 
grade (RRR~25) and high purity (RRR~250) niobium at 345 and 805 MHz.  A lower 
BCS resistance can occur on the rf surface of high RRR niobium due to contamination 
(surface impurities), for example, from processing or bake-out.  The elliptical cavities 
will operate at 2 K, giving a minimum BCS surface resistance of   4.2 nΩ, and the triple-
spokes will operate at 4.5 K with a corresponding value of 46.3 nΩ.  Therefore, the BCS 
component of the dissipated power is more than an order of magnitude larger for the 
triple-spokes at 4.5 K than elliptical cavities at 2 K. 
 
The final parameter left to determine is the residual resistance.  Well processed elliptical 
cavities can yield residual resistances of 2-10 nΩ [31].  As a design goal, we assume a 
residual resistance of 5 nΩ, which along with the BCS term, gives a minimum possible 
surface resistance.  From this value a maximum possible Q, Qmax, is given in Table 7.  
Finally, a safety factor of 2 is used to obtain a Qdesign that is half of Qmax.  To verify that 
these are reasonable design values, the Qdesign is compared with the prototype test results 
in Figure 3 and Figure 4.  Since a triple-spoke has never been tested, the double-spoke 
results are used for comparison purposes.   
 
Both elliptical and double-spoke prototype test results show Qdesign developed by this 
methodology to have a reasonable safety factor, and are thus acceptable for determining 
the cryogenic load.  The last row of Table 7 shows the power dissipated per cavity.   The 
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power dissipated per elliptical cavity is 22, 24, and 27 W for increasing βopt, while the 
triple-spoke cavities generate 98 and 120 W per cavity for increasing βopt.  The elliptical 
cavities require less cryogenics, even taking into account Carnot efficiency and 
mechanical efficiencies of 18 % at 2 K and 30 % at 4.5 K [32]. 
 
The total cryoplant capacity for the high-energy linac segment (85-400 MeV/u) was 
calculated from the number of cavities with their design load, a 25 W static load per 
cryomodule, and a 50 % larger capacity plant for distribution and additional safety factor.  
Table 8 shows the required capacity, electrical usage and cost. The mechanical efficiency 
of the cryoplant is inferred from experience at CEBAF [32]. The capital cost of the cryo-
plant is based on scaling laws for large cryo-plants [33] and converted to 2004 dollars.  
The elliptical cavity linac cryoplant is less than one-third the capacity required for the 
triple-spoke linac, but because it operates at 2 K, the plant electrical usage and cost are 
comparable to that of the triple-spoke linac.   
 
Therefore, neither the elliptical or triple-spoke linacs offer an advantage in terms of 
cryoplant capacity or its capital and operating costs.  The elliptical cavity option does 
offer a significant advantage since the 2 K superfluid reduces pressure fluctuations and 
concomitant microphonics compared to a 4.5 K system.  The superfluid does not boil due 
to its large heat conductivity.  The heat conductivity of the 4.5 K system is less and the 
large power dissipation of the triple-spoke cavities will cause significant boiling.  Also, 
the operating pressure at 2 K is less than 25 torr with small fluctuations, while a 4.5 K 
system will operate above 760 torr with correspondingly larger pressure fluctuations. 
 
 

Type Six-cell elliptical Triple-spoke 
T(K) 2 4.5 

Cryoplant Capacity 
(kW) 7.3 24.9 

Cryoplant Electrical 
(MW) 6.1 5.4 

Cryoplant Cost 
(M$) 18.1 18.5 

Table 8. Cryogenic requirements for 85-400 MeV/u. The electrical power requirements 
are calculated with the assumption of a mechanical efficiency of 18% and 30% at 2 K and 
4.5 K, respectively. 
 
The analysis done in [4] claimed a factor of two lower refrigeration for the triple-spoke 
geometry by assuming an unreasonably large residual resistance.  This was based on 
vertical test results for 14 early production cavities for SNS [34].  The decrease in Q at 
high field in these vertical tests was understood to be due to contamination during cavity 
preparation.  The elimination of these contamination problems has been a priority for 
SNS.  All three cavities in the prototype cryomodule had improved performance (relative 
to previous vertical tests) after assembly into the cryomodule and satisfied the RIA 
design goals given in Table 7 [34].  More recent results are also encouraging: the first 3 
production cryomodules have been completed and tested, with results for 8 out of 9 
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cavities meeting the RIA design goals [35].  (The ninth cavity did not quite meet the 
design goal for RIA, as the Q was 9×109 instead of 1×1010 at Ep = 32.5 MV/m.)  This 
indicates that the RIA design goals proposed in this paper can be achieved with 
production cavities under realistic conditions. 
 
 The cavities for TESLA [36,37] provide another proof of principle for operation of 
production cavities without field emission at fields above Ep = 32.5 MV/m.  About 75 
cavities have been fabricated by industry and tested at DESY so far.  The cavity 
performance has improved over time during production. Using the recipe described above 
and taking into account the differences in frequency, geometry factor, and field ratios, the 
equivalent of the RIA design Q would be 9x109 at Ea = 16.5 MV/m (Ep =33 MV/m, Bp= 
70 mT) for the TESLA cavities.  This goal is reached with a comfortable margin in the 
case of the third production series of TESLA cavities; however, a significant number of 
cavities would have been unable to reach this performance level in the first production 
series. Likewise, RIA will benefit from the experience gained during the production of 
SNS cavities. 
  
The cavities for the CEBAF upgrade provide another point of reference.  The design Q 
for these 7-cell elliptical cavities is 8x109 at Ea = 19.2 MV/m (Ep =42 MV/m, Bp=  72 
mT, Low Loss design) [38].  This goal is slightly more stringent than the design goal one 
would obtain on the basis of the recipe given above.  Although no production cavities 
have been fabricated or tested yet, the experience with the CEBAF upgrade will likely be 
valuable for subsequent production of RIA cavities. 
 
CRYOMODULE PERFORMANCE 
The elliptical and triple-spoke cavity designs have been compared to determine the 
relative merits of their electromagnetic performance and cryogenic requirements.  
Because the driver linac is a significant element of the project cost and schedule, it is 
imperative before proceeding with production to mitigate technical risk by demonstrating 
prototype cryomodules performance under realistic operating conditions.  In this regard, 
the relative maturity of the elliptical and triple-spoke systems designs was evaluated. 
 
The basic cryomodule layout for both the elliptical and triple-spoke structures are similar 
with the cold mass hung from a top plate on alignment rails.  This top plate and cold mass 
is either lowered into a box, or alternatively, the box is assembled around the cold mass.  
There are, however, a few major differences that are reviewed below.  Cross sections of 
the cryomodules are shown in Figure 9 and Figure 10 [39].   
 
Room temperature quadrupoles or superconducting solenoids  
Because of the small triple-spoke aperture, high-field superconducting solenoids are 
required for the focusing lattice.  Since the elliptical cavities have larger apertures, room 
temperature quadrupoles with their advantages are appropriate. 
 
Cavity fabrication 
The fabrication tolerances for elliptical cavities are well understood and within standard 
machine shop practices.  Shrinkage and warpage due to electron beam welding is 
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accounted for, and final frequency tuning with good field flatness is accomplished by 
plastically deforming individual cells using a simple tuning jig.  This standard technique 
is used for CEBAF, TESLA and SNS multi-cell elliptical cavities. 
 

 
Figure 9. Triple spoke cryomodules from reference [5]. 

 

 
Figure 10. Elliptical cavity cryomodules. 
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The triple-spoke has strong cell-to-cell coupling, so field flatness is claimed not to be a 
problem. However, very tight mechanical tolerances will be required to obtain the desired 
operating frequency (345 MHz ± tuner bandwidth) since once a cavity has been formed, 
it is unclear how the center frequency will be retuned.  Even with appropriate mechanical 
tolerance control, frequency retuning will be required each time a cavity is chemically 
etched.  As an example, the double-spoke had a frequency of 347.6 MHz or 2.6 MHz 
over the design value and likely outside the range of a practical tuner. 
 
The HOM analysis of the elliptical cavities has been performed [40]. Additional HOM 
couplers are not required for RIA because the large aperture of the elliptical structures 
lowers the cut-off frequency, allowing the higher order modes to leak out. No such 
analysis has been made for the triple-spoke cavities. 
 
2 K versus 4.5 K operation 
The use of 2 K superfluid for the elliptical cavities does not increase refrigeration loads 
or cost.  The 2 K system offers significant advantages due to the quiescent nature of 
conduction heat transfer without boiling, and a low operating pressure with 
correspondingly small pressure fluctuations.  The triple-spoke cavity design has 
attempted to minimize the vibration and frequency detuning due to boiling and pressure 
fluctuations of 4.5 K liquid helium by strengthening the end plates with gussets and thick 
reinforcements, but this will make cavity tuning more of a challenge. 
 
Tuner – slow and fast 
The elliptical cavities use a room temperature external tuner for slow (stepper motor) and 
fast (piezoelectric) frequency control.  This same technique is proposed for the CEBAF 
upgrade that has similar bandwidth requirements [41].  It is unclear how the triple-spoke 
will be tuned for either slow or fast control, but its necessity is acknowledged [5].  
Because the cavity has been made so rigid, the tuner may be a major challenge. 
 
The use of a reactive or VCX tuner has been proposed for multi-spoke structures, but its 
use needs experimental verification for the high-β triple-spoke structures because of the 
relatively high frequency (345 MHz) and large stored energy, comparable to the elliptical 
cavities (see Table 7).  
 
Vacuum manifold 
Due to the small beam ports of the large triple-spoke cavities, an additional vacuum 
manifold is attached to the cavities inside the cryomodule along with a pumping system.  
This will complicate cleanroom assembly and increases the risk of contamination.  The 
large aperture of the elliptical cavities allows pumping from the room temperature 
sections of the beam line where vacuum systems are already present. 
 
Fixed versus moveable input rf coupler 
The triple-spoke cavity is a half-wave structure and will experience multipacting barriers 
that must be conditioned.  This conditioning process will require an adjustable input 
coupler with its added complexity and increased risk of contamination from moving 
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parts.  The elliptical cavities do not have problems with multipacting, and therefore can 
operate with simpler, less expensive fixed input rf couplers. 
 
Cavity, cryomodule and tunnel cross-section 
The triple-spoke cavity has a larger cross section, an additional vacuum manifold, and 
superconducting magnet leads that must be shielded from the cavity, all of which lead to 
a larger cryomodule and tunnel cross-section. 
 
PROTOTYPE CRYOMODULE 
 
A prototype β=0.49 two-cavity elliptical cryomodule is under construction and will be 
completed early in 2004.  The two cavities have already been successfully tested in a 
vertical dunking Dewar with results similar to those presented earlier in this paper. Figure 
11 shows the cavity with titanium helium vessel, power coupler and tuner.  Cleanroom 
processing and assembly was completed at Jefferson Laboratory and shipped to MSU for 
installation into the cryomodule.  Figure 12 shows the cold mass in the cleanroom ready 
for installation into the cryomodule, and Figure 13 shows the status of construction.  The 
only steps remaining are installation of the magnetic and thermal shields, and welding the 
steel-box vacuum vessel.  Testing under realistic operating conditions will proceed 
through the end of 2004. 
 

He Vessel

Tuner

Power
Coupler

 
Figure 11. Six-cell βopt=0.49 elliptical cavity with radial coupler ports, stiffening rings, 
helium vessel, tuner and input power coupler. 
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Figure 12. βopt=0.49 elliptical cavity cold mass in cleanroom. 

 
 

Top Plate

Support Link

He Supply

He Return

Power Coupler

Tuner

Ti Rails

 
Figure 13. Status of the prototype βopt=0.49 elliptical cryomodule (December 2003). 

 
No triple-spoke cavity has been built, but prototypes of the βopt=0.50 and 0.62 cavities are 
being fabricated and should be ready for testing in 2004.  No plans have been presented 
for testing these prototype cavities in a cryomodule under realistic operating conditions  
(i.e. with superconducting solenoids, slow tuner, fast tuner, meeting alignment criteria, 
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etc.). Construction of a prototype triple-spoke cryomodule would address many concerns 
like the need to have realistic longitudinal spacing that otherwise could degrade 
performance by: 

a) Being difficult to assemble in a cleanroom environment without contaminating 
the rf surface due to tight spacing, tapped holes and trapped volumes. 

b) Having no space for magnetic shielding that must reduce the stray field of the 9 T 
solenoids to 1-10 µT at the cavity during cool-down. 

c) No space for tuner on end plates. 
 
 
 
COST  
 
Using SNS and RIA cost data and experience building the βopt=0.49 prototype RIA 
elliptical cryomodule, a detailed cost estimate of the high-energy linac from 85-400 
MeV/u has been done for the elliptical and triple-spoke options.  The estimate includes 
all manpower, cryoplant, civil engineering and commissioning of this section of the 
driver linac.  
 
A cost comparison of the βopt=0.63 elliptical and βopt=0.62 triple-spoke cryomodule is 
given in Table 9. Where triple-spoke designs were unavailable such as tuners and 
superconducting solenoids, the elliptical component designs were assumed. The triple-
spoke cavity with helium vessel is significantly more expensive than the elliptical cavity 
due to larger quantities of niobium, more electron beam welding, and a more complicated 
helium vessel.  The elliptical cavity costs are consistent with SNS and ACCEL cost 
estimates.  Additional detailed breakdowns of the cost in Table 9 are available in 
reference [42].  
 
The cryomodules proposed here for both the elliptical and triple-spoke linacs are less 
expensive than the SNS cryomodules. These savings come from the following 
differences: 

a) CW operation allows the use of low power tetrodes instead of klystrons. 
b) The lower power for the input coupler allows conduction cooling instead of He 

gas cooling. 
c) The SNS cost includes HOM dampers, not included here. 
d) The use of smaller He vessels 
e) The rectangular (instead of circular) cryomodule simplifies the assembly. 

 
Using the information of Table 9, the overall cost estimate for the high-energy linac 
section is given in Table 10.  Assuming the higher value of 82 mT for the triple-spoke 
peak magnetic field, both linacs are comparable in cost. For a triple-spoke linac with a 
more realistic peak magnetic field of 70 mT, the cost for that option increases by about 
17%, resulting in a higher cost for the triple-spoke option. 
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Components Elliptical 

(βopt=0.63) 
Spoke  

(βopt=0.62) 
Cavity + He Vessel (4) 257 369 

FPC (4) 88 92 
Tuner (4) 24 24 

Cleanroom Assembly 17 20 
Support Frame 13 13 

Top Plate 11 13 
Vessel 11 17 

Support Links 4 4 
mu metal 24 31 
Thermal 9 19 

MLI 16 16 
Vacuum Header NA 5 

Magnet 30 30 
Misc. 52 50 

Assembly 101 134 
RF power (4) 574 574 

Low-level RF (4) 27 27 
Controls 20 20 

TOTAL (k$) 1,278 1,458 

Table 9. Cost comparison in k$ of the β=0.63 elliptical and β=0.62 triple-spoke 
cryomodules. The number of components is shown in parenthesis. 

 
 

 Elliptical Spoke 
# Modules 41 38 

Cryomodules 
RF, Magnet, & 

Controls 
52,253 51,385 

Cryoplant 18,100 18,500 
Cryodistribution 5,000 5,000 
Civil Engineering 30,000 30,000 

Installation 5,000 5,000 
Commissioning 20,000 20,000 

Contingency (50%) 65,000 65,000 
TOTAL (k$) 195,353 194,885 

 

Table 10. Cost comparison for the elliptical and triple-spoke options of the high-energy 
driver linac from 85-400 MeV/u. 
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CONCLUSIONS 
 
The baseline design of the high-energy section (β>0.4, E/A>85 MeV/u) of the RIA driver 
linac uses three 805 MHz elliptical cavity designs. The two highest β structures were  
developed for the SNS project. The lowest β structure has been developed for RIA.  
Prototype elliptical cavities have exceeded design requirements and demonstration of an 
elliptical cryomodule under realistic operating conditions will be completed in 2004. By 
then all major components of the high-energy linac will have been tested and ready for 
industrial production. 
 
The proposed alternative based on triple-spoke cavities does not offer any credible 
advantage over elliptical cavities.  Specifically, the merits of the elliptical design 
compared to the triple-spoke are summarized below, and show that the claims made by 
Shepard et al in [3,4,5] are not valid. 
 

1. Prototypes of all elliptical cavity types have been tested and successfully 
exceeded design accelerating gradients and quality factors.  First tests of a triple-
spoke are anticipated in 2004. 

2. The design peak magnetic field in the elliptical cavities is 70 mT, which is 
consistent with reliable cw operation and low cryogenic losses.  The design 
value for the triple-spoke is 82 mT, which is problematic for cw operation of 
large cavities above 4 K.  The triple-spoke design value should be decreased to 
70 mT or less, which would increase the cavity and cryomodule count by over 
17 %. 

3. A prototype elliptical cryomodule including tuners, microphonics control and 
focusing elements that meet alignment criteria will be completed in early 2004 
with testing through the end of 2004.  No plans for similar testing of triple-spoke 
cryomodules have been presented. 

4. The cryogenic requirement for the elliptical cavities is significantly less than that 
for the triple-spoke cavities (7 kW at 2 K versus 25 kW at 4.5 K).  Also, the 
cryoplant cost and electrical usage for elliptical cavities with 2 K superfluid are 
comparable to that for triple-spokes at 4.5 K. 

5. The overall cost estimate of the high-energy linac is nearly identical, ~$195M 
for both, using elliptical cavities (Bp=70 mT) and triple-spokes (Bp=82 mT).  
The larger number of elliptical cavities is compensated for by the higher cost of 
triple-spokes, which have fewer cavities per cryomodule, larger quantities of 
niobium, more electron beam welding, and a more complicated helium vessel.  
More realistic peak magnetic fields in the triple-spoke design will make that 
option more expensive than elliptical cavities. 

6. The use of three elliptical cavity types generates a higher proton energy of 1028 
MeV compared to 956 MeV for two types of triple-spokes.  Since the three 
elliptical cavity types have already been developed, there is minimal risk to the 
schedule or cost of RIA. 

7. Beam dynamics simulations have shown that both designs have adequate 
longitudinal and transverse acceptance, including alignment tolerances, rf jitter 
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and stripper foil thickness variation.  While both linacs offer adequate 
acceptances, each has a slight advantage, with the elliptical having a larger 
transverse acceptance, and the triple-spoke having a larger longitudinal 
acceptance.  The alignment tolerances of the elliptical focusing elements (room 
temperature quadrupoles) will be much easier to meet than the triple-spoke 
focusing elements (superconducting solenoids). 

8. Operation with 2 K superfluid will greatly simplify operational stability and 
control of microphonics in elliptical cavities.  The triple-spoke at 4.5 K must 
handle vibration induced by boiling as well as pressure fluctuations in the 
relatively high operating pressure of the cryoplant, both of which will produce 
microphonics or frequency fluctuations. 
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